Collagen 1 (Col1) fibers play an important role in tumor interstitial macromolecular transport and cancer cell dissemination. Our goal was to understand the influence of Col1 fibers on water diffusion, and to examine the potential of using noninvasive diffusion tensor imaging (DTI) to indirectly detect Col1 fibers in breast lesions. We previously observed, in human MDA-MB-231 breast cancer xenografts engineered to fluoresce under hypoxia, relatively low amounts of Col1 fibers in fluorescent hypoxic regions. These xenograft tumors together with human breast cancer samples were used here to investigate the relationship between Col1 fibers, water diffusion and anisotropy, and hypoxia. Hypoxic low Col1 fiber containing regions showed decreased apparent diffusion coefficient (ADC) and fractional anisotropy (FA) compared to normoxic high Col1 fiber containing regions. Necrotic high Col1 fiber containing regions showed increased ADC with decreased FA values compared to normoxic viable high Col1 fiber regions that had increased ADC with increased FA values. A good agreement of ADC and FA patterns was observed between in vivo and ex vivo images. In human breast cancer specimens, ADC and FA decreased in low Col1 containing regions. Our data suggest that a decrease in ADC and FA values observed within a lesion could predict hypoxia, and a pattern of high ADC with low FA values could predict necrosis. Collectively the data identify the role of Col1 fibers in directed water movement and support expanding the evaluation of DTI parameters as surrogates for Col1 fiber patterns associated with specific tumor microenvironments as companion diagnostics and for staging.
important role in cancer motility and invasiveness. Cancer cells can travel along aligned Col1 fibers [6, 7] . Tumor associated Col1 fiber alignment is a potential prognostic signature for survival in breast cancer patients [8] . Col1 fibers can be detected with second harmonic generation (SHG) microscopy [1] that detects an intrinsic signal derived from the noncentrosymmetric molecular structure of Col1 fibers [1, 9] . Because of limited depth penetration, unless the tissue is superficial, exposed for in vivo imaging, or biopsied for ex vivo imaging, SHG microscopy cannot be used as a noninvasive imaging modality.
In the brain, water molecules predominantly diffuse along neuronal fibers as diffusion across fibers is restricted by axonal membranes and, in the case of myelinated axons, myelin sheaths. As a result diffusion imaging parameters, e.g. apparent diffusion coefficient (ADC) and fractional anisotropy (FA), have been used to visualize fiber tracts and quantitatively measure white matter integrity noninvasively [10] [11] [12] [13] . Col1 fibers in the tumor ECM may mediate, in a similar fashion, water diffusion. Diffusion tensor imaging (DTI) detected Col1 architecture, as validated by SHG microscopy, in the carotid artery [14] , identifying the potential use of DTI as a noninvasive imaging technique to detect Col1 fibers [14] . Here we investigated the association between diffusion MRI parameters and breast cancer Col1 fiber distribution, to determine if diffusion MRI can provide noninvasive imaging indices of Col1 fibers to use as surrogate markers of aggressiveness.
We determined the correlation between Col1 fibers and water diffusion in MDA-MB-231 human breast cancer xenografts engineered to express red fluorescent protein (RFP) under hypoxia [15] , since we previously observed that hypoxic regions contained significantly fewer Col1 fibers [15] . This provided a useful model to easily identify low Col1 fiber regions to relate to the two DTI parameters, apparent diffusion coefficient (ADC) and fractional anisotropy (FA). Additional ex vivo studies were performed with human specimens to confirm the observations made with xenografts. Our data identified a close association between Col1 fiber density and DTI parameters in the in vivo and ex vivo studies supporting further evaluation of ADC and FA as noninvasive indices of Col1 fibers in tumors, and highlighting the importance of Col1 fibers in molecular transport through the ECM.
Methods

Breast Cancer Xenografts
Orthotopically implanted MDA-MB-231 tumors derived from cells containing the hypoxia response element (HRE) of the human vascular endothelial growth factor A (VEGF-A) gene ligated to the cDNA of tdTomato RFP (MDA-MB-231-HRE-TdTomato) were used to identify hypoxia [15, 16] . In vivo-ex vivo DTI studies were performed on six tumors with an additional five used for ex vivo studies alone. An overview of the experimental design is presented as a schematic in Figure 1 .
Clinical Specimens
Studies with clinical specimens were performed to determine if the observations made with xenografts were replicated in human specimens. DTI and SHG microscopy were performed on one stage IIB and two stage IIIA invasive ductal carcinoma (IDC) with an approximate size of 10 × 15 mm 2 , obtained from Integrated Laboratory Services-Biotech (Chestertown, MD, USA). All tumors were grade 3, estrogen receptor positive (ER+), progesterone receptor Figure 1 . Schematic outline of the workflow. The green box summarizes the ex vivo study workflow of breast cancer xenografts. The purple block summarizes the in vivo study workflow of breast cancer xenografts. DTI acquisitions were done in vivo. Excised tumors were put through the experimental and analytical steps as described in the workflow. Co-registered in vivo and ex vivo images were used to calculate the correlation between in vivo and ex vivo measurements for ADC and FA values in hypoxic, normoxic and necrotic regions. The blue box summarizes ex vivo study workflow of human breast cancer specimens. Thick arrows indicate the image acquisition workflow, while dashed arrows represent the quantification and analysis workflow. positive (PR+), Her2 positive (HER2+), and lymph node positive (LN+).
In Vivo DTI Acquisition
In vivo DTI was performed on a horizontal 11.7 T Bruker system (Bruker Corp., Billerica, MA, USA) with a 70 mm inner diameter volume transmit coil and a 10 mm diameter receive-only planar surface coil. Mice were anesthetized with isoflurane and positioned in an animal holder (Bruker BioSpin, Billerica, MA, USA). Respiration was monitored using a pressure sensor (SAII, Stony Brook, NY, USA), and maintained at 40-60 breaths per minute. High-resolution T2-weighted anatomical images of the tumor were acquired using a RARE sequence with imaging parameters of TE/TR = 12.31/3000 ms, 8 averages, FOV = 14 × 10 mm 2 , and a matrix of 192 by 144 with 20 z-slices of 0.4 mm thickness. For the same FOV, diffusion-weighted images were acquired using a modified EPI sequence with imaging parameters of TE/TR = 23.6/5000 ms, two repetitions, five nondiffusion-weighted and 30 diffusion directions, b-value~1500 s/mm 2 , FOV = 14 × 10 mm 2 , matrix size of 128 × 96, native imaging resolution =105 × 105 μm 2 , and 20 z-slices. The in vivo data were acquired at a lower resolution that permitted the 30 direction data to be acquired within an acceptable overall imaging time of less than 1 hour.
Ex Vivo DTI Acquisition
Samples fixed for 24 hours in 4% paraformaldehyde (PFA), were washed with phosphate buffered saline for 72 hours, and placed in a 10 mm NMR tube immersed in Fomblin perfluoro polyether solution (Solvay Sollexis). MRI was performed on a vertical 11.7 T Bruker Avance NMR spectrometer (Bruker Biospin, Billerica, MA, USA) equipped with micro-imaging accessories. A Micro 2.5 gradient set capable of maximum 1500 mT/m gradient strength with a 10 mm birdcage volume coil was used. High-resolution T2-weighted MRI, and DTI of the samples were performed in 3D with an isotropic resolution of 62.5 × 62.5 × 62.5 μm 3 . DTI was performed using a modified 3D diffusion-weighted gradient and spin echo (DW-GRASE) sequence [17] with the following parameters: TE/ TR = 36/1500 ms, 4 signal averages, two non-diffusion-weighted images and six diffusion directions, b = 2100 s/mm 2 , field of view (FOV) = 8 × 8 × 9 mm 3 , a matrix size of 128 × 128 × 150. For the ex vivo studies, DT images were acquired at high resolution to compare the DTI data to the high resolution microscopy and histopathology datasets. These high resolution scans took~15 hours, and therefore had to be limited to six diffusion directions.
Average diffusion-weighted (aDW) images and maps of ADC and FA were calculated using DTI Studio image processing software [18] for both in vivo and ex vivo DTI data. Both in vivo and ex vivo experiments were performed at 37°C. The specimen temperature was maintained by an integrated temperature control system that monitored and maintained the bore temperature with warm air.
SHG and Confocal Microscopy
Excised tumors were sectioned at 1 mm slice thickness using a tissue slicer (Braintree Scientific, Inc., Braintree, MA). Hypoxic regions were visualized by fluorescence microscopy using a 1× objective attached to a Nikon microscope, equipped with a Nikon Coolpix digital camera (Nikon Instruments, Inc., Melville, NY). Bright field images were acquired to assess tissue architecture. Following optical imaging, tumors were paraffin-embedded and sectioned at 5 μm thickness for immunohistochemistry and H&E staining. Tile scan SHG microscopy of the entire slice was performed on the first H&E section from each 1 mm slice to acquire Col1 fiber maps in 3D using an Olympus Laser Scanning FV1000 MPE multiphoton microscope (Olympus Corp., US headquarters-Center Valley, PA), with an incident laser wavelength of 860 nm and detection wavelength of 430 nm. A 25× lens was used to acquire confocal z-stacks with tile scan acquisition performed in x and y directions to cover the entire tissue section with FOV 390 × 390 μm 2 , and z-intervals of approximately 3 μm.
In human breast cancer samples, Col1 fibers from the entire tumor slice were obtained with SHG microscopy using a Zeiss 710 NLO Meta confocal microscope (Carl Zeiss Micro-Imaging, Inc.), as previously described [15, 19, 20] . Col1 fibers were acquired using a 25× lens, with excitation wavelength of 880 nm and detection wavelength window of 420-460 nm. Tile scan acquisition was performed in x and y directions with FOV of 339.84 × 339.84 μm 2 , with confocal z-stacks approximately 3 μm on the central section of the tumor.
Col1 fiber volume and density quantification was done in MATLAB (Mathworks Inc.) as previously described [15] . Normal breast tissue and tissue adjacent to cancer have been identified to contain wavy fiber patterns [21] , whereas aligned-straight fibers were identified in aggressive human breast cancer [7, 8, 19] . We therefore performed texture analysis of the Col1 fibers to quantify the amounts of straight, mixed and wavy patterns distributed in the clinical specimens and relate these to the DTI parameters. To quantify the Col1 fiber distribution in clinical specimens, the fiber textural patterns were characterized using texture analysis [22] to extract Haralick texture features [23] . By using fuzzy C-mean clustering [24] (5-7 clusters), Haralick texture features were clustered and color-coded in 3D projected SHG images to represent the 3D fiber information within a tumor section in 2D, to differentiate straight, mixed and wavy Col1 fiber patterns.
Co-Registration Strategy for Ex Vivo and In Vivo Co-Localization Quantification
To co-localize maps of Col1 fiber, hypoxia, and water diffusion, affine transformation based co-registration was performed as previously described [20, 25] (Figure 1 ). Briefly, xenograft in vivo and ex vivo DTI datasets were first co-registered, following which the hypoxia optical images were co-registered to the DTI datasets. The H&E and SHG datasets were first co-registered with each other and then to the hypoxia optical images. In human specimens, the central SHG images were co-registered to the corresponding central ex vivo DT images for co-localization and quantification. For both studies, H&E sections were co-registered to corresponding SHG images to detect necrotic regions. We used a linear method of co-registration between the datasets and used the Dice similarity index [26] to evaluate the accuracy of co-registration. A Dice similarity index N0.85 was considered as successful co-registration.
In xenografts, hypoxic regions were identified from co-registered optical fluorescence images, and necrotic regions were identified from co-registered H&E images. In vivo and ex vivo ADC and FA values were calculated in normoxic, hypoxic and necrotic regions and compared for all mice (in vivo N = 6, ex vivo N = 11). Percent fiber volume and inter-fiber distances were also calculated for normoxic, hypoxic and necrotic regions.
In human cancers, the SHG Col1 fiber distribution image was used to predict the water diffusion image using a previously described technique [11] . The predicted diffusion and water diffusion direction maps were compared to the DTI acquired ADC, FA, and color-coded water direction maps [11] . ADC and FA values were calculated in masks of four segmented categories in the SHG images for density and sparseness and masks of three segmented categories for textural patterns. Fiber density and sparseness were segmented into masks of dense (75% b percent fiber volume, inter-fiber distance b1 μm), intermediate-1 (50% b percent fiber volume b 75%, 2 μm b inter-fiber distance b5 μm), intermediate-2 (25% b percent fiber volume b 50%, 2 μm b inter-fiber distance b5 μm) and sparse (percent fiber volume b 25%, 5 μm b inter-fiber distance) fibers. Three textural masks were segmented by fuzzy c-mean clustering [24, 27] from the combined Haralick texture feature maps into straight, mixed, and wavy patterns of fiber distribution. The ADC and FA values were calculated in random 10 equidistantly spaced regions of interests (ROIs) for each mask from the central section of each tumor for both quantifications.
Because of the limited samples, a paired one-tailed t test (α = 0.05) was used to detect significant differences between different categories for both studies using Microsoft Office Excel 2007 (Microsoft, Redmond, WA). A one-tailed t test was used since our hypothesis that ADC and FA values would increase in regions with higher percent fiber volume was based on previous studies [11, 12, 18, 20] . P b .05 were considered significant.
Fibroblast Immunostaining
Immunohistochemistry was performed to detect activated smooth muscle actin (α-SMA) that is expressed by activated fibroblasts, to determine if infiltration of activated fibroblasts could explain the presence of higher Col1 fibers in necrotic regions. α-SMA immunohistochemistry of an adjacent tumor section to the H&E section was performed using the streptavidin-peroxidase technique and the DAKO EnVision System (Dako Cytomation, Hamburg, Germany) as previously described [28] using the alkaline conjugated monoclonal anti-α-SMA antibody (clone 1 A4) primary antibody (Sigma; 1:200 dilution, 4°C overnight). High-resolution digital scans of the immunostained sections were obtained using ScanScope (Aperio).
Results
Breast Cancer Xenograft In Vivo-Ex Vivo Studies
Representative images comparing in vivo and ex vivo DTI data from the same tumor are shown in Figure 2 . Good spatial co-localization of ADC and FA features between in vivo and ex vivo images is evident from these representative images (Figure 2, A-F) .
Comparisons of in vivo and ex vivo ADC maps are shown in Figure 2 , A and D, FA maps in Figure 2 , B and E, and water diffusion directionality in Figure 2 , C and F. The corresponding optical red fluorescence image, the H&E stained histological section, and Col1 fiber image are displayed in Figure 2 , G-I. Overlay images of hypoxia (red) with in vivo ADC and FA maps and ex vivo ADC and FA maps are shown in Figure 2 , J-M. We observed a reduction of Col1 fibers in hypoxic tumor regions as shown in Figure 2N .
Quantified data summarized for six in vivo and eleven ex vivo xenograft tumors are shown in Figure 3 . Hypoxic regions had significantly lower percent Col1 fiber volume (25 ± 4%) compared to normoxic regions (28 ± 4%) ( Figure 3A , P-value = 0.039, N = 9). Necrotic regions had significantly higher percent fiber volume (31 ± 3%) compared to normoxic (P = .043, N = 9) and hypoxic regions (P = .018, N = 9). In the xenografts in vivo, low Col1 fiber containing hypoxic areas tended towards lower ADC values as compared to the normoxic regions, but ADC values in the necrotic regions (5.47E-04 ± 2.25E-5 mm 2 /s) were significantly higher compared to both normoxic (4.72E-04 ± 1.69E-5 mm 2 /s, P = .002, N = 6) and hypoxic (4.66E-04 ± 1.41E-5 mm 2 /s, P = .004, N = 6) tumor regions ( Figure 3B ). Significantly lower ADC values were observed in hypoxic regions as compared to the normoxic regions for ex vivo data ( Figure 3C , P = .005, N = 11) and significantly higher ADC values were observed in necrotic regions (7.38E-04 ± 2.41E-05 mm 2 /s) as compared to the normoxic (6.77E-04 ± 1.57E-05 mm 2 /s, P = .004, N = 11) and hypoxic (6.51E-04 ± 2.05E-05 mm 2 /s, P = .001, N = 11) regions. Significantly lower FA values were observed in hypoxic (in vivo = 0.24 ± 0.03; ex vivo = 0.15 ± 0.01) compared to normoxic regions (in vivo = 0.26 ± 0.03; ex vivo = 0.17 ± 0.01) for both in vivo ( Figure 3D , P = .016, N = 6) and ex vivo data ( Figure 3E , P-value = 0.011, N = 11) and significantly lower FA values were observed in necrotic regions (in vivo = 0.23 ± 0.03; ex vivo = 0.15 ± 0.01) as compared to normoxic regions for both in vivo ( Figure 3D , P = .058, N = 6) and ex vivo data ( Figure 3E , P = 0.006, N = 11).
Human Sample Ex Vivo Studies
We observed distinct heterogeneities in the diffusion images of human breast cancer samples as shown in Figure 4 , similar to the xenograft data. Displayed in Figure 4 , A-D are representative aDW, ADC, FA, and color-coded water diffusion directionality maps. The corresponding H&E stained histological section is shown in Figure 4E . Col1 fiber images displayed similar patterns to the aDW, ADC and FA maps as observed in the corresponding DTI images ( Figure 4F ). We simulated water diffusion anisotropy and directionality maps from the SHG data (Figure 4, G-H) . The results closely matched the measured FA and water diffusion directionality maps (Figure 4, C-D) .
To characterize the Col1 fiber patterns, texture analyses of the SHG images were performed and Haralick texture features calculated.
Using fuzzy c-mean clustering, Haralick texture features were clustered to color-code 2D projected SHG images with 3D fiber pattern information, to categorize Col1 fiber patterns into straight, mixed and wavy texture patterns ( Figure 4I ). An overlay of the ADC map (gray) with the SHG image (red) is displayed in Figure 4J , an overlay of the FA map (gray) with the SHG image (red) is displayed in Figure 4K , and an overlay of the FA map (gray) with the simulated diffusion map (red) is displayed in Figure 4L . These overlay images identified a close association between Col1 fibers, water diffusion and anisotropy.
Fiber content and fiber distribution was quantified from 10 randomly selected equally spaced ROIs for each tumor ( Figure 5 ). We observed that regions with sparse fibers had reduced ADC values (green), and sparse fiber regions (blue) are shown in Figure 5C . From our texture analysis approach, we observed that wavy fibers had a trend towards lower ADC (11 ± 0.49 × 10 −4 mm 2 /s) values as compared to the mixed fibers (11.3 ± 0.11 × 10 −4 mm 2 /s). ADC values in wavy fiber regions were significantly lower than in straight fiber regions (12.3 ± 0.48 × 10 −4 mm 2 /s, P = .006, N = 3). Similarly, lower FA values were observed in wavy fiber regions (0.19 ± 0.02) compared to the mixed fiber regions (0.22 ± 0.03). FA values in wavy fiber regions were significantly lower than in dense fiber regions (0.215 ± 0.01, P = .055, N = 3) ( Figure 5 , D-E). Texture analysis masks of straight (red), mixed (green) and wavy (blue) Col1 fiber patterns are shown in Figure 5F .
Fibroblast Immunostaining
We performed immunostaining for activated fibroblasts to determine if infiltration of activated fibroblasts could explain the presence of higher Col1 fibers in necrotic regions. As shown in Figure 6 , necrotic regions with dense Col1 fibers displayed strongly positive α-SMA stained activated fibroblasts.
Discussion
Col1 fibers appeared to mediate water diffusion and anisotropy as measured by diffusion MRI. In the tumor xenografts, hypoxic low Col1 fiber containing regions showed decreased ADC and FA values compared to normoxic regions that had significantly higher percent fiber volume. Necrotic high Col1 fiber containing regions showed increased ADC with decreased FA values compared to normoxic viable high Col1 fiber regions that had increased ADC with increased FA values. A good agreement of ADC and FA patterns was observed between in vivo and ex vivo images. Some tissue degradation may have occurred following tumor excision and fixation in PFA that may have reduced ex vivo FA values compared to in vivo FA values [29] .
Ex vivo studies with human breast cancer tissue further validated our observations made with xenografts. Regions with high Col1 fiber content showed increased ADC and FA values, as evident from our fiber content quantification analysis. Within the constraints of our texture analysis approach, we found that a wavy fiber distribution had reduced ADC and FA values as compared to a fiber distribution containing mixed and straight fiber distribution. These data suggest that ADC and FA maps may provide non-invasive surrogate markers of Col1 fiber density.
Our finding that Col1 fiber density positively correlated with ADC values suggests that Col1 fibers enhance water diffusion in malignant breast cancers that are characterized by high Col1 fiber content [19] . In areas of dense Col1 fibers, we observed an increased FA as detected by DTI. This is in good agreement with two recent DTI studies of human articular cartilage [30] , and porcine carotid artery [14] , in which the directionality of water diffusion was consistent with the zonal distribution of Col1 fiber orientation. These results are also consistent with our previous study [20] , where we observed regions with high Col1 fiber density had higher macro-molecular transport as compared to regions with lower Col1 fiber density. The dense aligned fibers observed in tumors may facilitate directional movement of molecules.
Recent human in vivo studies demonstrated that the ADC in breast cancers was significantly lower than that of benign breast lesions and normal breast tissue [31, 32] , and was accompanied by decreased FA in cancer versus normal tissue [32, 33] . A decrease in the ADC and FA values observed in breast cancers could be due to the presence of hypoxia and the associated reduction of Col1 fibers [15] .
Our findings also suggest that spatial maps of ADC and FA values of breast lesions may provide a more accurate characterization of cancer microenvironments [34] .
The results obtained here strongly support investigating ADC and FA as noninvasive surrogates of Col1 fiber density. Our data are consistent with earlier studies demonstrating the facilitation of macromolecular transport by Col1 fibers [20] . The results obtained here suggest that low molecular weight agent transport through the ECM is also mediated by Col1 fibers. Disorganized stroma in breast cancer biopsies has been associated with poor response to neoadjuvant chemotherapy [35] . Our data suggest that unorganized or sparsely distributed Col1 fibers may contribute to lower drug delivery.
ADC values increased but FA values decreased in necrotic regions compared to the normoxic viable regions, which could be due to the disorganized distribution of Col1 fibers in the necrotic regions. Since normoxic areas also contain higher Col1 fibers and are associated with higher ADC and FA, our data suggest that a combination of viable cells and high Col1 fiber content are required for water diffusion directionality. Increased Col1 fiber content within necrotic tumor regions may be an active process, or they may just be residual fibers left in these dead areas. The observation that the Col1 fiber volume was significantly higher in necrotic areas compared to normoxic viable areas, together with the presence of activated fibroblasts in these necrotic areas with high Col1 fiber density, suggests an active process mediated by the activated fibroblasts. The presence of increased Col1 fibers in necrotic tumor regions may also contribute to the increased ADC observed following cell death inducing treatments [36] .
Noninvasive indices of Col1 fiber patterns using DTI may be used to assist in chemotherapy outcome prediction. Noninvasive DTI may be used as a surrogate marker to assess Col1 fiber density in breast cancers, as a marker of aggressiveness [2] . A decrease in ADC and FA values observed within a lesion could predict hypoxia and a pattern of high ADC with low FA values could predict necrosis. Our data support further validating the use of DTI parameters as surrogates for Col1 fiber patterns associated with specific tumor microenvironments.
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